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Coffee has been the target of fraudulent admixtures with cheaper materials, including coffee husks and
other roasted grains. Given the successful application of spectroscopic methods in the ﬁeld of food
adulteration as fast and reliable routine techniques, the objective of this work was to evaluate the
feasibility of employing Diffuse Reﬂectance Infrared Fourier Transform Spectroscopy (DRIFTS) for
discrimination between roasted coffee and common adulterants (roasted corn and coffee husks). Arabica
coffee beans, coffee husks and ground corn kernels were submitted to light, medium and dark roasts at
temperatures ranging from 200 to 260 C. Principal Components Analysis of the DRIFTS spectra provided
separation of the samples into three groups: coffee, coffee husks and corn. Classiﬁcation models were
developed based on Linear Discriminant Analysis, and such models provided complete discrimination
(100% recognition and prediction) between roasted coffee, pure adulterants (corn and coffee husks) and
adulterated coffee samples. Such results indicate that DRIFTS can be employed for discrimination
between coffee and its common adulterants.
 2012 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
As a product of consumption, ground roasted coffee is quite
vulnerable to adulteration, since it presents physical characteristics
(particle size, texture and color) that are easily reproduced by
roasting and grinding a variety of biological materials (cereals,
seeds, roots, parchments, etc). Thus, this food product has been the
target of fraudulent admixtures with a diversity of agricultural
residues including twigs, coffee husks, and spent coffee grounds,
and also other roasted grains such as corn, barley, maize and
soybean (Oliveira, Oliveira, Franca, & Augusti, 2009). Although
a few recent studies have established suitable parameters and
markers for detection of adulterants in ground roasted coffee and
instant or soluble coffee, most of the developed methodologies are
based on chromatographic methods (Garcia et al., 2009; Oliveiraectance Fourier Transform
, Diffuse Reﬂectance Infrared
Triglycine Sulfate Doped with
py; LDA, Linear Discriminant
tern recognition.
deral de Minas Gerais, Av.
Brazil. Tel.: þ55 31 34093512;
ca@gmail.com (A.S. Franca).
evier OA license.et al., 2009; Pauli, Cristiano, & Nixdorf, 2011). Although effective,
such methodologies are time demanding, expensive and involve
a considerable amount of manual work, and thus are not appro-
priate for routine analysis.
The need for new and rapid analytical methods in the ﬁeld of
food adulteration has prompted extensive research on spectro-
scopic methods, including Fourier Transform Infrared Spectroscopy
(FTIR) (Rodriguez-Saona & Allendorf, 2011). Spectroscopic methods
are usually based on transmittance or reﬂectance readings, with
reﬂectance-based methods being more commonly employed as
routine methodologies for food analysis, since they require none or
very little sample pre-treatment (Rodriguez-Saona & Allendorf,
2011). FTIR reﬂectance methods can be divided into Attenuated
Total Reﬂectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR) and Diffuse Reﬂectance Fourier Transform Infrared Spec-
troscopy (DRIFTS). ATR collects information from the sample
surface while DRIFTS provides information from the entire sample,
being a combination of internal and external reﬂection. Both
techniques have been employed for coffee analysis, with most of
the ATR-based studies employing liquid samples, i.e., the coffee
beverage itself (aqueous extract) or some organic solvent extract
(Briandet, Kemsley, & Wilson, 1996; Gallignani, Torres, Ayala, &
Brunetto, 2008; Garrigues, Bouhsain, Garrigues, & De La Guardia,
2000; Lyman, Benck, Dell, Merle, & Murray-Wijelath, 2003; Singh,
Wechter, Hu, & Lafontaine, 1998; Wang, Fu, & Lim, 2011; Wang,
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ments employed solid samples, i.e., roasted and ground coffee
(Briandet et al., 1996; Kemsley, Ruault, & Wilson, 1995; Ribeiro,
Salva, & Ferreira, 2010; Suchánek, Filipová, Volka, Delgadillo, &
Davies, 1996). The speciﬁc applications were discrimination
between Arabica and Robusta varieties (Kemsley et al., 1995;
Suchánek et al., 1996), detection of glucose, starch or chicory as
adulterants of freeze-dried instant coffees (Briandet et al., 1996),
determination of caffeine content (Gallignani et al., 2008; Garrigues
et al., 2000; Singh et al., 1998), evaluation of roasting conditions
(Lyman et al., 2003; Wang et al., 2011), geographical discrimination
(Wang et al., 2009; 2011) and separation between decaffeinated
and regular roasted coffees (Ribeiro et al., 2010). A few recent
studies have compared ATR-FTIR and DRIFTS for analysis of solid
samples, aiming at discrimination between high and low quality
coffees prior to roasting (Craig, Franca, & Oliveira, 2011; Craig,
Franca, & Oliveira, 2012a). In general, DRIFTS provided spectra
that presented higher intensity of absorption in comparison to ATR-
FTIR. Both techniques were satisfactory for discrimination between
immature and mature coffees (Craig et al., 2011). However, even
though DRIFTS provided complete discrimination between defec-
tive (low quality) and non-defective (high quality) coffees, ATR-
FTIR could not provide complete discrimination between non-
defective and sour (fermented) coffees (Craig et al., 2012a).
The previously mentioned study showed that DRIFTS presented
a more effective performance in comparison to ATR-FTIR in the
discrimination between crude coffees of different qualities.
Furthermore, DRIFTS was shown to be appropriate for the analysis
of roasted coffees, providing satisfactory discrimination between
Arabica and Robusta varieties (Kemsley et al., 1995; Suchánek et al.,
1996), between regular and decaffeinated coffees (Ribeiro et al.,
2010) and between non-defective and defective coffees (Craig,
Franca, & Oliveira, 2012b). However, no attempts were reportedTable 1
Roasting parameters and color measurements.
Temperature Roasting
time (min)
L* a* b*
Coffee
200 C 40 24.28  0.02 11.13  0.11 14.78  0.12
70 21.48  0.08 10.11  0.03 11.38  0.10
90 19.62  0.37 9.59  0.22 10.73  0.04
220 C 20 23.18  0.12 11.03  0.02 13.11  0.01
22 21.51  0.01 11.21  0.07 13.08  0.12
25 19.96  0.13 10.78  0.03 11.38  0.20
240 C 11 25.17  0.04 12.33  0.10 16.16  0.25
13 22.01  0.33 11.36  0.43 13.48  0.57
15 19.89  0.08 7.81  0.29 7.38  0.16
Corn
240 C 30 24.45  0.21 9.01  0.19 13.96  0.12
35 22.93  0.05 8.72  0.07 12.53  0.17
40 20.83  0.01 7.86  0.15 9.93  0.20
250 C 15 24.63  0.26 8.38  0.06 13.41  0.24
17 22.17  0.08 7.65  0.11 11.52  0.18
19 19.33  0.07 6.83  0.18 9.25  0.21
260 C 11 22.25  0.06 7.38  0.04 10.83  0.16
12 21.10  0.16 7.00  0.11 9.40  0.25
13 19.26  0.10 6.10  0.12 7.40  0.08
Coffee husks
200 C 20 22.22  0.05 7.17  0.03 11.04  0.13
30 21.66  0.15 6.91  0.14 9.91  0.15
50 20.16  0.12 5.93  0.07 8.34  0.07
220 C 10 23.00  0.06 7.08  0.10 10.95  0.16
13 20.41  0.30 5.94  0.05 8.66  0.08
15 19.88  0.13 5.83  0.11 8.59  0.11
240 C 6 25.16  0.04 7.19  0.05 12.32  0.04
7 21.34  0.17 5.94  0.04 9.50  0.25
9 20.47  0.06 5.58  0.10 8.14  0.07
Reference (commercial coffee) 24.56e19.51 9.74e8.83 13.01e9.60in the literature on the use of this methodology for the analysis of
adulteration of ground and roasted coffee samples. Also, no reports
were found on the analysis of coffee samples adulteratedwithmore
than one adulterant, be it with DRIFTS or any other analytical
technique. Given the need for more effective and faster routine
methods for analysis of coffee adulteration, the objective of this
work was to evaluate the potential of DRIFTS for discrimination
between roasted coffee and common adulterants such as roasted
corn and coffee husks.
2. Methodology
Green Arabica coffee and corn samples were acquired from local
markets. Coffee husks were provided by Minas Gerais State Coffee
Industry Union (Sindicato da Indústria de Café do Estado de Minas
Gerais, Brazil).
Coffee beans, coffee husks and corn samples (30 g) were
submitted to roasting in a convection oven (Model 4201DNova Ética,
São Paulo, Brazil), at 200, 220, 240, 250 and 260 C. After roasting,
the samples were ground and sieved (0.39 mm < D < 0.5 mm) and
submitted to color evaluation. Color measurements were performed
using a tristimulus colorimeter (HunterLab Colorﬂex 45/0 Spectro-
photometer, Hunter Laboratories, VA, USA) with standard illumina-
tion D65 and colorimetric normal observer angle of 10.
Measurements were based on the CIE L*a*b* three dimensional
cartesian (xyz) color space represented by: Luminosity (L*), ranging0
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Fig. 1. Average DR spectra obtained after roasting coffee (solid black curve), coffee
husks (dashed black curve) and corn (solid gray curve): (a) raw data; (b) normalized
data.
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greenered color component e x axis; and parameter b*, represent-
ing the blueeyellow component -y axis. Previous studies have
shown that roasting degree will be dependent on the type of sample
and on the roasting temperature (Franca, Oliveira, Oliveira, Mancha
Agresti, & Augusti, 2009; Oliveira et al., 2009). Preliminary tests
showed that it would take temperatures higher than 240 C to
promote signiﬁcant color changes in crude corn for it to be consid-
ered roasted to degrees comparable to those for commercially
available coffee. Roasting of coffee husks, on the other hand, wasa
b
c
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Fig. 2. PCA scores scatter plot (PC1 vs. PC2) based on diffuse reﬂectance spectra (3200e700
steps: (a) no treatment (b) mean centering; (c) normalization; (d) normalization and baselonly feasible for temperatures below 240 C. Thus, for each sample
type (e.g., coffee or adulterant), three temperatures were selected in
the range of 200e260 C. For each temperature, several roasting
times were tested. As expected, both increases in roasting temper-
atures and times led to decrease in luminosity (L*) values, e.g., darker
roasts. In order to attain different levels of roasting (light, medium,
dark) that could be representative of commercially available coffee,
for each sample and temperature the roasting times were selected
based on L* values measured for commercially available roasted
coffee samples, corresponding to light (23.5 < L*< 25.0), mediumd
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cm1) of roasted coffee in comparison to roasted corn after the following pretreatment
ine correction; (e) ﬁrst derivatives; (f) second derivatives (C coffee; : corn).
N. Reis et al. / LWT - Food Science and Technology 50 (2013) 715e722718(21.0< L*< 23.5) and dark (19.0 < L*< 21.0) roasts. It is important to
point out that only L* (luminosity) valueswere employed to establish
roasting degrees, because previous studies have established that this
parameter is the most relevant in terms of color differences for
roasted coffee (Mendonça, Franca, & Oliveira, 2009). The corre-
sponding roasting times and temperatures are listed in Table 1.
A Shimadzu IRAfﬁnity-1 FTIR Spectrophotometer (Shimadzu,
Japan) with a DLATGS (Deuterated Triglycine Sulfate Doped with L-
Alanine) detector was used in the measurements, all performed in
a dry controlled atmosphere at room temperature (20  0.5 C).
Diffuse reﬂectance (DR) measurements were performed with
a Shimadzu sampling accessory (DRS8000A). Each sample was
mixed with KBr and 23 mg of this mixture were placed inside the
sample port. Pure KBr was employed as reference material (back-
ground spectrum). All spectra were recorded within a range of
4000e400 cm1 with 4 cm1 resolution and 20 scans, and
submitted to background subtraction. The spectra were alsoa
b
c
-20
20
-110 110
PC
2 
(5.
11
%)
PC1 (90.72%)
-30
30
-70 70
PC
2 
(17
.98
%)
PC2 (60.04%)
-50
50
-70 70
PC
2 
(26
.33
%)
PC1 (61.22%)
Fig. 3. PCA scores scatter plot (PC1 vs. PC2) based on diffuse reﬂectance spectra (3200e7
pretreatment steps: (a) no treatment (b) mean centering; (c) normalization; (d) normaliz
A coffee husks).truncated to 2500 data points in the range of 3200e700 cm1, to
eliminate noise readings present in the upper and lower ends of the
spectra. Preliminary tests were performed in order to evaluate the
effect of particle size (D < 0.15 mm; 0.15 mm < D < 0.25 mm;
0.25 mm < D < 0.35 mm) and sample/KBr mass ratio (1, 5, 10, 20
and 50 g/100 g) on the quality of the obtained spectra. The condi-
tions that provided the best quality spectra (higher intensity and
lower noise interference) wereD< 0.15mm and 10 g/100 g sample/
KBr mass ratio. In order to improve sample discrimination, the
following data pretreatment techniques were evaluated: (0) no
additional processing (raw data), (1) mean centering, (2) normali-
zation, (3) baseline correction employing two (3200 and 700 cm1)
or three (3200, 2000 and 700 cm1) points, (4) ﬁrst derivatives and
(5) second derivatives. Mean centering was calculated by sub-
tracting the average absorbance value of a given spectrum from
each data point. Normalization was calculated by dividing the
difference between the response at each data point and thed
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(3200e700 cm1) of roasted coffee in comparison to roasted corn and coffee husks
after the following pretreatment steps: (a) no treatment; (b) normalization and
baseline correction; (c) ﬁrst derivatives (C coffee; A coffee husks; : corn).
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maximum and minimum absorbance values. Such spectra
pretreatments are suggested as a means to remove redundant
information and enhance sample-to-sample differences (Wang
et al., 2009). Baseline correction and derivative transformations
usually compensate for baseline offset between samples and also
tend to reduce instrument drift effects.
Using the DR spectra (raw or normalized) and its derivatives as
chemical descriptors, pattern recognition (PR) methods (PCA and
LDA) were applied in order to establish whether roasted coffee
husks and roasted corn could be discriminated from roasted coffee
samples. For PCA analysis, data matrices were constructed so that
each row corresponded to a sample and each column represented
the spectra datum at a given wavenumber, after processing as
previously described. LDA models were constructed based on the
data that presented the best performance (group separation) in the
PCA analysis. Model variables were selected as absorbance values at
wavenumbers that presented high PC1 loading values in the PCA
analysis. Model recognition and prediction abilities were deﬁned as
the percentage of members of the calibration and evaluation sets
that were correctly classiﬁed, respectively. The statistical package
XLSTAT Sensory 2010 (Addinsoft, New York) was employed for all
the chemometric calculations.
3. Results and discussion
Average spectra obtained for roasted coffee, coffee husks and
corn samples are shown in Fig. 1. A comparative evaluation of the
average data indicates somewhat similar spectra, with most of the
signiﬁcant bands concentrated in the following ranges: 3000e2800
and 1800e700 cm1. In general, absorbance values were higher for
coffee and lower for corn.
Two sharp bands at 2923 and 2854 cm1 can be clearly seen in
the spectrum corresponding to roasted coffee. Such bands have
been previously reported present in spectra of roasted Arabica and
Robusta coffee samples (Craig et al., 2012b; Kemsley et al., 1995)
and also of crude coffee samples (Craig et al., 2011, 2012a). Paradkar
and Irudayaraj (2002) also reported two sharp peaks at 2882 and
2829 cm1 in samples of caffeinated beverages such as coffee, tea
and soft drinks. The band at 2829 cm1 was attributed to stretching
of CeH bonds of methyl (eCH3) group in the caffeine molecule,
being successfully used to develop predictive models for quanti-
tative analysis of caffeine (Paradkar & Irudayaraj, 2002). The same
bands can be identiﬁed in the spectra obtained for roasted coffee
husks and roasted corn at 2923 and 2854 cm1 and at 2925 and
2848 cm1, respectively. Both bands present lower absorbance
values in the spectra obtained for coffee husks and corn compared
to coffee. Furthermore, the second band is less evident in coffee
husks and corn in comparison to coffee. Coffee husks have been
reported to present similar levels of caffeine (w1 g/100 g dry basis)
in comparison to coffee beans, whereas corn does not contain any
caffeine. Other FTIR studies on corn and corn ﬂour have also re-
ported two bands at 2927e2925 and 2855 cm1, being respectively
attributed to asymmetric and symmetric CeH stretching in lipids
(Cremer & Kaletunç, 2003; Greene, Gordon, Jackson, & Bennett,
1992). Although the samples in those studies were not submitted
to roasting, the lipids content is not expected to vary during
roasting of corn, as it is known to occur with coffee, and the peak
assignment to CeH stretching in lipids might still be valid.
Furthermore, the reported amounts of lipids (Gouvea, Torres,
Franca, Oliveira, & Oliveira, 2009; Moreau, 2002; Oliveira, Franca,
Mendonça, & Barros-Junior, 2006) present in coffee husks
(1.5e3 g/100 g) are quite low in comparison to coffee beans
(12e16 g/100 g) and corn kernels (3e5 g/100 g). Therefore, such
bands may be affected by both caffeine and lipids levels in the caseof coffee, and are most likely primarily associated to caffeine in the
case of coffee husks and only to lipids in the case of roasted corn.
A sharp band at 1743e1741 cm1 is evident in both the coffee
and corn spectra. Such band has also been reported in several FTIR
studies of roasted coffee (Kemsley et al., 1995; Lyman et al., 2003;
Wang et al., 2009), attributed to carbonyl (CO) vibration in esters.
Such literature reports and the fact that this band is rather weak in
N. Reis et al. / LWT - Food Science and Technology 50 (2013) 715e722720the spectra obtained for coffee husks are strong indications that it
can be associated to lipid concentration.
Several bands can be viewed in all the spectra in the range of
1700e700 cm1. It is evident from both the raw and normalized
spectra that coffee and coffee husks present considerably higher
values of absorbance in the range of 1700 to 1500 cm1 in
comparison to roasted corn. Several substances that naturally occur
in coffee are reported to present absorbance bands in this range, the
‘double bond region’ as classiﬁed in accordance with the spectra
segmentation presented by Stuart (2004: pp. 137e165). For
example, Ribeiro et al. (2010) performed DRIFTS analysis of roasted
coffees and observed lower absorbance of decaffeinated samples in
the range of 1700 to 1600 cm1. The band at 1659e1655 cm1 has
been consistently used as a chemical descriptor of caffeine in FTIR
spectroscopic detection and quantiﬁcation of caffeine in coffee
extract samples (Gallignani et al., 2008; Garrigues et al., 2000;
Singh et al., 1998). Another substance that can be associated to
peaks in this range is trigonelline, a pyridine that has been reported
to present several bands in the range of 1650e1400 cm1 (Szafran,
Koput, Dega-Szafran, & Pankowski, 2002), and is present in both
crude and roasted coffee. Some of the bands in this range may be
attributed to axial deformation of C¼C and C¼N bonds in the
aromatic ring of trigonelline (Silverstein, Webster, & Kiemle, 2005).
The wavenumber range of 1400 to 900 cm1 is characterized by
vibrations of several types of bonds such as CeH, CeO, CeN and
PeO (Wang et al., 2009). Chlorogenic acids, a family of esters
formed between quinic acid and one to four residues of caffeic, p-
coumaric and ferulic acids, present strong absorption in the region
of 1450e1000 cm1. Carbohydrates also exhibit several absorption
bands in the 1500e700 cm1 region (Briandet et al., 1996; Kemsley
et al., 1995), so it is expected that this class of compounds will
contribute to many of the observed bands. Particularly, the skeletal
mode vibrations of the glycosidic linkages in starch are usually
observed in the wavenumber range of 950e700 cm1 (Kizil,
Irudayaraj, & Seetharaman, 2002).
PCA results (see Figs. 2 and 3) showed that in general there was
satisfactory discrimination between roasted coffee and each
speciﬁc adulterant (corn or coffee husks) regardless of the spectra
pretreatment steps. A comparison of the data presented in Figs. 2
and 3 indicates that discrimination was more effective for roastedTable 2
Selected wavenumbers and corresponding coefﬁcients of the linear discriminant functio
j Model based on raw spectra
Wavenumber Cj
DF1 DF2 DF3
0 e 0.4 3.0 8.6
1 750 59.0 66.0 34.3
2 789 142.6 79.5 75.9
3 841 225.2 183.9 70.1
4 872 126.5 144.9 8.3
5 918 46.9 244.9 45.5
6 947 18.6 107.9 102.6
7 1152 42.3 85.2 84.6
8 1553 9.9 2.5 81.9
9 1802 3.1 21.6 129.6
10 1906 21.2 262.8 34.3
11 2033 14.6 18.7 100.9
12 2212 0.9 223.7 191.2
13 2847 50.0 20.1 68.5
14 2916 91.7 28.7 117.1
15 2970 13.2 53.9 67.6
16 3163 30.2 17.6 5.7
17
18
19corn in comparison to roasted coffee husks. This can be attributed
to the fact that the chemical composition of roasted coffee is more
similar to that of roasted coffee husks in comparison to roasted
corn. Nonetheless, not all pretreatments were satisfactory for
simultaneous discrimination between roasted coffee, roasted coffee
husks and roasted corn.
The spectra pretreatment steps that provided a satisfactory level
of group separationwhen coffee and both adulterants were analyzed
simultaneously were the following: (0) no additional treatment of
raw data, (3) normalizationwith three point baseline correction and
(4) ﬁrst derivatives. The corresponding scatter plots obtained after
PCA analysis of the data (135 samples) are displayed in Fig. 4. Roasted
coffee, roasted coffee husks and roasted corn can be identiﬁed as
separated groups. Roasted corn is clearly separated from the others,
whereas some group overlapping is observed between coffee and
coffee husks for the spectra-based plots (Fig. 4a and b). Complete
separation of the three groups was obtained after submitting the
spectra to ﬁrst derivatives (Fig. 4c). Evaluation of the loadings plots
obtained after PCA analysis of raw spectra indicated that the spectral
ranges that presented the highest inﬂuence on PC2 values in asso-
ciation with roasted corn were the following: 2250e1850 and
945e700 cm1. In the wavenumber range 945e700 cm1, the
differences between the spectra are quite evident and they might be
attributed to the presence of non-degraded starch in corn after
roasting and its complete absence in roasted coffee and coffee husks
(Amboni, Francisco, & Teixeira, 1999). Differences can be also asso-
ciated to the degree of saturation of the fatty acids in the tri-
acylglycerol fraction of the coffee and corn oils (Guillén & Cabo,
1999), with the coffee oil presenting a higher degree of saturation
than the corn oil (Moreau, 2002; Segall, Artz, Raslan, Jham, &
Takahashi, 2005) and the correlated bands being displaced to
higher wavenumbers (w915 cm1) than those for the corn oil. The
highest inﬂuence on PC2 values in association with roasted coffee
husks was observed in the range of 1600 to 1500 cm1. In the case of
normalized spectra, the following ranges could be associated with
separation of roasted coffee: 3040e3000, 2650e2350 and
1800e1760 cm1. Loadings obtained for ﬁrst derivatives could not be
associated to speciﬁc regions in the spectra.
The satisfactory group separation results obtained from the
principal components analysis indicate that the data shouldns obtained for discrimination between roasted coffee and adulterants.
Model based on normalized spectra
Wavenumber Cj
DF1 DF2 DF3
e 9.2 2.9 1.5
725 31.6 25.8 4.3
754 25.2 17.2 5.1
806 54.1 13.5 7.0
808 32.2 60.7 11.1
833 32.6 104.1 29.5
864 25.9 64.8 87.8
908 81.8 8.2 41.6
978 7.2 22.1 37.0
1134 45.9 8.9 5.5
1171 27.1 26.9 36.4
1331 26.5 21.1 23.3
1539 2.8 0.6 8.8
1641 24.5 11.3 6.2
1780 0.9 5.9 21.5
1958 34.2 6.8 67.3
2125 70.7 58.8 0.6
2498 27.1 0.0 7.3
2991 10.5 21.9 54.5
3125 3.5 58.4 20.0
Fig. 5. Scores on the discriminant functions provided by the LDA models of diffuse
reﬂectance spectra (3200e700 cm1) after the following pretreatment steps: (a) no
treatment; (b) normalization and baseline correction; (C coffee; corn; coffee
husks; coffee adulterated with coffee husks, corn or both - 5e50% adulteration).
Table 3
Calculated values of the ﬁrst three discriminant functions at each sample group
centroid.
Model Sample
Coffee Coffee husks Corn Adulterated coffee
Raw spectra
DF1 4.764 5.860 14.708 3.669
DF2 7.885 7.977 0.629 2.300
DF3 2.901 1.303 0.361 6.166
Normalized spectra
DF1 6.296 2.169 8.535 0.395
DF2 3.916 7.807 1.328 1.605
DF2 2.144 0.575 2.101 5.742
DF1, DF2 and DF3 represent the ﬁrst, second and third discriminant functions,
respectively. Adulterated coffee samples comprise adulteration levels ranging from
50 to 10% of one or both adulterants.
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roasted coffee and each speciﬁc roasted contaminant. Thus, linear
discriminant analysis (LDA) was employed in order to obtain clas-
siﬁcation models (95% conﬁdence). LDA models were constructed
employing different numbers of variables, starting with all the data
points and decreasing the number of variables. Recognition ability
was calculated as the percentage of members of the calibration set
that were correctly classiﬁed, and prediction ability was calculated
as the percentage of members of the evaluation set that were
correctly classiﬁed. The calibration set consisted of a total of 116
samples (33 samples of roasted coffee, 27 samples of roasted coffee
husks, 30 samples of roasted corn and 26 samples of adulterated
coffee, with adulteration levels ranging from 50 to 10% of one or
both adulterants). The evaluation set consisted of a total of 49
samples (15 samples of roasted coffee, 11 samples of roasted coffee
husks, 16 samples of roasted corn and 7 samples of adulterated
coffee, with adulteration levels ranging from 50 to 10% of one or
both adulterants). For both the calibration and evaluation sets, each
sample represented one spectra, without any averaging procedure.
It was observed that model recognition ability varied signiﬁcantly
with the number of variables. In the case of the models based on
raw and normalized spectra data, the best correlations were
provided by sixteen and nineteen variable models, respectively,
with variables being selected in association to wavenumbers that
presented high PC1 and PC2 loading values. The wavenumbers
selected for the ﬁnal models were: 3163, 2970, 2916, 2847, 2212,
2033, 1906, 1802, 1553, 1152, 947, 918, 872, 841, 789 and 750 cm1
(raw data); 3125, 2991, 2498, 2125, 1958, 1780, 1641, 1539, 1331,
1171, 1134, 978, 908, 864, 833, 808, 806, 754 and 725 cm1
(normalized data). There were also several attempts of obtaining
a model based on spectra derivatives, since this type of spectra
manipulation was the most effective in providing separation
between pure corn, coffee and coffee husks (see Fig. 4c). However, it
was not possible to obtain a model that could provide satisfactory
discrimination and thus only the models based on raw and
normalized data will be presented.
The developed model equations can be represented by:
DFi ¼ C0 þ
XN
j¼1
CjAj (1)
where DFi represents the discriminant function (i ¼ 1,2,3), N is the
total number of variables in the model, and Aj is the model variable,
i.e., absorbance value at the selected wavenumber (model based on
raw spectra data) or absorbance value at the selected wavenumber
after normalization and baseline correction (Model based on
normalized data). The corresponding model coefﬁcients (Cj) are
displayed in Table 2 and the score plots obtained for the three
discriminant functions are shown in Fig. 5. The ﬁrst two discrimi-
nant functions accounted for 84 and 91% of the total sample vari-
ance, for the models based on raw and normalized spectra,
respectively. A clear separation between pure roasted coffee and
roasted adulterants (coffee husks and corn), as well as adulterated
coffee samples, can be observed for both models (see Fig. 5a and b).
Notice that, for the adulterated samples, there is a wider dispersion
of the data due to the differences in both the nature of the adul-
terants and their content in the adulterated samples. The calculated
values of each discriminant function at the group centroids are
displayed in Table 3. It is interesting to point out that, for both
developed models, the three discriminant functions are enough to
provide sample classiﬁcation. For example, considering the model
based on the raw spectra, it can be observed that pure coffee
samples present negative values for DF1 and DF2 and positive
values for DF3, whereas adulterated samples present negativevalues for DF1, DF2 and DF3. In the model based on normalized
data, the only group that presented positive values for both DF1 and
DF2 was pure coffee. Both the developed models (based on raw and
normalized spectra) presented 100% recognition and prediction
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discrimination between roasted coffee and roasted adulterants
such as corn and coffee husks. We emphasize that the analysis has
been carried out using a representative range of roasting condi-
tions, and that variations in roasting degree and temperature did
not affect discrimination. This is particularly interesting, given that
such variations have been shown to affect discrimination by chro-
matographic methods (Franca et al., 2009; Oliveira et al., 2009).
4. Conclusion
The feasibility of employing DRIFTS as a methodology for
simultaneous discrimination between roasted coffee and commonly
employed adulterants such as coffee husks and corn was evaluated.
The obtained spectrawere similar, withmost of the signiﬁcant bands
concentrated in the following ranges: 3000e2800 and
1800e700 cm1. In general, absorbance values were higher for
roasted coffee and lower for roasted corn. PCA results based on raw,
normalized and ﬁrst derivatives of spectra indicated separation of
the samples into the three speciﬁed categories. LDA classiﬁcation
models presented recognition and prediction abilities of 100% and
were able to provide complete discrimination between roasted
coffee, pure adulterants (corn and coffee husks) and adulterated
coffee samples. The results obtained in the present study conﬁrm
that DRIFTS presents potential for the development of an analytical
methodology for detection of adulteration in roasted and ground
coffee. Further studies will be conducted for the detection and
discrimination of other commonly used coffee adulterants, such as
spent coffee grounds and roasted barley.
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